Diffusion pack coatings via Al-Si powders with an AlCl 3 chloride activator have been investigated in order to examine the surface protection effect on pure magnesium and magnesium alloys. Pure Magnesium and commercial AZ31 magnesium alloys have been subjected to diffusion coatings in an Al alloy powder for various time frames. When the pack coating was carried out at 823 K for 15 h, the Mg 17 Al 12 layer has been successfully synthesized on the pure magnesium substrate. Similarly, a pack annealing at 823 K for 15 h showed a synthesized Mg-Al layer on the AZ31 magnesium alloy as a coating layer. Mechanisms for the surface layer formation are discussed together with growth kinetics and microstructural observations.
Introduction
Magnesium alloys have been received an attention for structural applications due to their low density compared to other alloy systems. 1) Many studies for achievement of high strength both at ambient and high temperatures have been attempted via component additions and thermo-mechanical processes in order to overcome the nature of low strength of Mg alloys. 1, 2) At the same time, the surface properties of the magnesium alloys have shown one critical barrier for a practical application of the alloy. The formation of coating layers at the alloy surface can provide a protective layer. Especially, since the magnesium alloy inherits difficulties in protecting the surface due to corrosion effects, a selection of appropriate coating process can determine the alloy properties. For a selection of coating routines, a fair number of studies for the surface protection have been focused 1, 2) such as electro-plating and anodizing process, while there is a potential environmental issue for water-based coating process.
Diffusive coatings among useful coating processes can provide potential applications, since the coating layers usually exhibit a compositionally graded layer and can provide a strong bonding between the coating materials and substrates. [3] [4] [5] Also, since the pack cementation process involves diffusion coatings via activator gases and, is carried out in a dry circumstance, the process can circumvent waterrelated contamination. Furthermore, the nature of the coating process possesses cost effectiveness and mass production, and a complex shape can also be uniformly coated, compared with other processes such as plasma coatings. While there are advantages on the coating process, the application of the coating process has not been attempted for magnesium alloys.
It appears that the basic requirements of a high temperature annealing process for pack cementation coatings prevents from the practical application of the coating process on magnesium alloys, since the melting temperature of magnesium alloys is relatively low so that the activator may not work at such a low temperature (below 873 K). Recently, it has been documented that there are several activators that can be worked in a low temperature region, and several chlorides such as AlCl 3 or AlCl 2 possess a high vapor pressure at relatively low temperatures.
3) When the chloride activators were applied for coatings of alloy steel at about 973 K, successful coatings were achieved. However, an approach of the pack cementation process on magnesium alloys has not been attempted in the previous study.
In the present study, a pack cementation process via pure magnesium and a commercial AZ31 magnesium alloy (Mg-3 mass%Al-1 mass%Zn) has been carried out in an Al alloy powder for various time frames in order to synthesize Al-Mg coating layers on the surface of the substrates, and the feasibility of the coating process has been investigated. The activator was selected as AlCl 3 that has been known as the highest gas pressure at low temperature.
3) Al coatings on magnesium alloys has been attempted in order to synthesize a protective magnesium aluminum layer on the surface of the magnesium alloys. The mechanism for the synthesized layer formation is discussed together with growth kinetics and microstructural observations.
Experimental
Pure magnesium and commercial AZ31 alloy ingots have been purchased and sliced into 10 mm thick discs. Each sliced piece was polished with SiC paper and ultrasonically cleaned. For producing a diffusion coating layer, a pack cementation process has been employed. A powder mixture of 70 mass% Al 2 O 3 , 25 mass% of Al-Si alloy powder (88 at% Al-12 at% Si), and 5 mass% AlCl 3 as an activator were loaded in an alumina crucible together with the clean alloy pieces followed by sealing with an Al 2 O 3 slurry bond. The prepared crucible was annealed in an Ar atmosphere at 723 K (for AZ31 magnesium alloy) and 823 K (for pure magnesium alloy) under a consideration of the melting point. Schematic illustration of the coating process is shown in Fig. 1 . The process involves deposition of Al rich vapor carried by volatile chloride species on the substrate embedded in a mixed powder pack at elevated temperatures, which consists of a chloride salt activator and an inert filer. Detailed procedures are well defined elsewhere. [4] [5] [6] [7] Following the diffusional coating process, the samples were ultrasonically cleaned and cut in perpendicular to the interface with a diamond saw. Finally, the surface and cross sections were examined by SEM (Scanning Electron Microscopy) with BSE (Back Scattered Electron) imaging and EDS (Energy dispersive spectrum). XRD (X-ray Diffraction) was used for identification of crystal structures and synthesized phases.
Results and Discussion
SEM of the pure magnesium processed by pack cementation coatings is shown in Fig. 2 . The surface of the coating layer shows that there is a certain amount of surface roughness, possibly formed during coating process. The surface morphology of the coating layer was very similar to other specimens annealed for longer hours (not shown). The cross section of the pack-coated pure magnesium annealed at 823 K for (a) 5 h and (b) 15 h is shown in Fig. 3 . It is noted that the thickness of the coating layer reaches about 2.5 mm for the specimen annealed for 5 h. When the annealing time was increased for 15 h, the thickness of the coating layer was about 5 mm.
The relationship of synthesized coating layer thickness with the annealing time of the pure magnesium is shown in Fig. 4 . It shows that the thickness of the coating layer follows parabolic diffusion kinetics instead of linear growth kinetics with respect to the annealing time, implying that the growth of the coating layer is governed by gas diffusion. When the coating layer thickness was plotted by x 2 ¼ kt, where x: thickness (m), t: time (s), the kinetic parameter was estimated as 6:25 Â 10 À16 (m 2 /s). In order to identify the synthesized phase, XRD of the pack coated pure magnesium has been carried out. XRD main peaks were matched with pure magnesium (JSCPD No.: 35-0821) and with Mg 17 Al 12 (JCPD No.: 73-1148), indicating that the synthesized coating layer is the Mg 17 Al 12 phase (Fig. 5) . Upon an increment of the annealing time from 5 h to 15 h, the coating layer thickness was also increased as shown in Fig. 4 .
The key feature for successful pack coating involves a fair amount of necessary heat. i.e., a high temperature annealing is needed to activate and assist a chemical reaction between activator, coating powder and substrates. 6, 7) However, a long annealing time accompanies with the softness of a substrate, leading that a low temperature annealing is needed for the purpose of the maintenance of the materials properties of Ar gas in Ar gas out substrates. It has been reported that a selection of an appropriate activator can lead successful coatings at relatively low temperature (923 K). It has been documented that the partial pressure of AlCl 3 is found as the highest value among the examined chlorides.
3) For the case of magnesium alloys, the nature of low melting point leads that the annealing temperature should be lower than about 723 K. Therefore, the slow kinetics of the growing coating layers are one barrier for successful coatings with a maintenance of the mechanical properties of magnesium alloy.
The formation of the Mg 17 Al 12 phase associated from aluminizing process can be compared with the previous study that investigated the process on steel. It has been reported that the coating layer thickness below 973 K can be estimated 3) h ¼ 83005:9 W 0:5 t 0:5 expðÀ8820:1=TÞ ð 1Þ
where h: thickness (mm), W: mass%, t: time (h) and T: temperature (K). The thickness of the synthesized coating layer based upon the above equation should be estimated as about 10 mm and 15 mm for the pack annealing at 823 K for 5 h and 15 h, respectively. However, for the present case, the thickness was measured as about 2.5 and 5 mm for the same annealing condition, implying that the coating layer thickness was much lower than as expected.
It has been reported that the gas flux of halide reaching on the surface of the substrate may be expressed as Ref.
Where D i : the coefficient of gaseous diffusion, ðÁP i =ÁXÞ: partial pressure gradient on substrate's suface, R: gas constant, and T: temperature. For the pack cementation coatings that governed by gas diffusion, a gas flux towards the substrate is high and fixed, and an invariable partial pressure gradient may determine the thickness of the coating layer. It is probable that the main reason for such low thickness was due to the application of Al-Si powder instead of pure aluminum powder. The partial pressure for the aluminum alloy powder is lowered than that of the pure aluminum, suggesting that the coating process, which is directed by the partial pressure in the crucible, is disturbed by a lowered partial pressure. At the same time, silicides or silicon content were not observed at the coating layer, implying that the nucleation of magnesium aluminum is much easier.
Surface morphology of the pack coated AZ31 alloy annealed at 723 K for 15 h is shown in Fig. 6 . It shows that the surface possess a certain amount of roughness, as similar to the surface morphology of the pure magnesium. EDS (Energy Dispersive Spectra) shows that the phase also contains aluminum, implying that the coating layer is also magnesium aluminides. Figure 7 shows SEM cross section of the pack coated AZ31 alloy. It manifested that the coating layer with a thickness of about 2 mm is synthesized after a pack annealing at 723 K for 15 h. The coating layer was uniformly formed through the specimen surface.
It has been shown that if the weight percent of the coating powder is higher, the coating layer thickness become thicker, since the coating vapor in the pack crucible becomes more concentrated. For the present case, Al-Si eutectic alloy powder has been used for coating materials due to the stability of the powder. It should be stressed that use of the alloy powder would lower the partial pressure, compared with the use of pure component powder. Therefore, the use of pure aluminum powder would increase the coating layer thickness. At the present stage, the main theme has been focused on the feasibility of coating layer, since no attempt has been made in the previous study. From the successful coating of the magnesium alloy, concentration and species of coating powder will be changed, and an optimum condition that can make lower the annealing temperature and annealing time will be reported. The successful coatings via pack cementation process imply that other coating layers such as 
